We review a number of experiments that we have recently performed to investigate the collapse of defect cascades to dislocation loops. This important ion and neutron irradiation phenomenon has been studied with in situ ion bombardment in the Argonne National Laboratory High Voltage Electron Microscope -Ion Accelerator Facility at temperatures of 30 and 300 K in CugAu, Cu, and Fe, and 30, 300 and 600 K in Ni. These experiments have demonstrated that individual defect cascades collapse to dislocation loops athermally at 30 K in some materials (Ni, Cu and CU3AU), while in another material (Fe) only overlapped cascades produced dislocation loops. A slight sensitivity to the irradiation temperature is demonstrated in Cu-jAu and Fe, and a strong dependence on the irradiation temperature is seen in Ni. This phenomenon of cascade collapse to dislocation loops in metals at 30 K provides an understanding for previous neutron irradiation data. The more detailed dependencies of the collapse probability on material, temperature, bombarding ion dose, ion energy and ion mass contribute much information to a thermal spike model of the collision cascade which we will describe.
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vacancy population in a defect cascade can collapse to form a dislocation loop under irradiation near room temperature [1] . This has' been convincingly demonstrated in the ordered alloy Cu-jAu irradiated both with ions and with neutrons [2] . We will show in this paper that this collapse process also takes place in some metals at an irradiation temperature of 30 K, and therefore that many dislocation loops form athermally from defect cascades within 10" 11 second.
In the first part of this paper we review a completed systematic study of cascade collapse in the ordered alloy Cu^Au. This summary is based on a more complete paper to be published elsewhere [3J. Three different ions and two energies were chosen for the irradiations to study the effect of cascade size and energy density. Two irradiation temperatures were chosen: one below stage I (30 K), where no long-range thermally activated point defect migration can occur, and one above stage III (300 K) where all point defects are mobile.
The advantage of carrying out the experiment in CU3AU is that information both on loop formation and on the location and the spatial characteristics of the cascades may be obtained through a study of the disordered zones created at all cascade sites. This technique also eliminates uncertainties introduced by errors in microscope magnification and in ion dosimetry.
In the second part of this paper we report some results from a study in progress on the probabilities for cascade collapse to loops in Fe, Ni and Cu as functions of irradiation temperature and ion dose. Self ions of energies of 50 and 100 keV were employed to simulate cascades produced by fast neutrons. Iron, nickel and copper were chosen to represent a possible range of cascade collapse probabilities based on an interpretation of resistivity damage rate data in Fe at 5 K under fast neutron bombardment [4] . These and other neutron data suggest that loops form from individual cascades produced at 5 K with increasing probability from Fe to Ni to Cu and that the probability increases with dose in Fe, and possibly to a lesser extent in Ni. We have found this interpretation to be consistent with our own earlier results in Fe [5] .
Experimental Procedures
Well ordered foils of Cu-jAu with thickness < 35 nm were formed by vapor deposition and heat treatment. All specimens had <001> foil normals. Two batches of specimens were irradiated with Ar , Cu and Kr ions at both 50 and 100 keV to doses of 10 ions/cm . The first of these batches was implanted at room temperature at AERE Harwell on the commercial Lintott ion implantation system and the second at 30 K on the HVEM-Accelerator Facility at Argonne National Laboratory [6] . Those specimens irradiated at room temperature were observed using a JEOL JEM100B transmission electron microscope at Oxford, while those irradiated at low temperatures were examined both in situ on the Argonne EM7 HVEM and subsequently on return to Oxford in the 100 kV instrument. The HVEM was operated at an accelerating potential of 300 kV, below the threshold for the production of electron radiation damage in CugAu. Under typical illumination conditions of our experiments the maximum temperature rise of the specimens due to local beam heating effects was estimated always to be < 10 K, using the expression given by Fisher [7] . In practice as many as 20 fundamental micrographs of each area were analyzed.
Sample foils of commercially pure Fe and high purity Ni and Cu were produced from bulk material and electropolished using standard techniques.
All experiments were performed in the High-Voltage Electron MicroscopeAccelerator Facility at Argonne National Laboratory. Samples were irradiated in situ with self ions at dose rates near 3 x 10 ions/(cm sec) and at temperatures of 30, 300 and 600 K ± 2 K. The relative accuracy of ion dosimetry among various irradiations reported here is 10%. The absolute accuracy of ion dosimetry is believed to be about 20% and is currently under investigation using the disordered zone technique in CU3AU. Electron micrographs were taken at the irradiation temperatures as a function of ion dose and following annealing, often in the same sample area. The HVEM was operated at voltages below the threshold for electron damage in the foils:
200 keV for Fe and 300 keV for Ni and Cu.
Dislocation loops were imaged in thin regions of the foil (30-40 nm) using strong 2-beara or very slightly s-positive (small positive deviation from Bragg condition) diffraction conditions. Images were recorded in dark field with operating diffraction vectors known to image most or all loops produced in these metals under these irradiation conditions: g * <200> for all Frank loops in fee Cu and Ni [8] , g = <110> in bec Fe [5] . The smallest loops resolvable varied between 1 and 2 nm depending on metal, foil surface quality and sample stage temperature. Identification and densities of loops were measured independently by 2 or 3 researchers. Both characteristic black-white and sharp black spot images ware counted. Sizes of loop images were also determined in some experiments.
Results and Discussion
A comparison of the defect yields in Cu-jAu for both the room and low temperature irradiation conditions are given in Table 1 The dependence of the loop production rate (at relatively low self-ion doses) on irradiation temperature is shown in Ni in Fig. 5 . The production rates at 30 and 300 K were reproduced in 2 runs at each temperature. Only one experiment at 600 K has been performed to date. No obvious loop annealing occurred at 600 K, so this data reflects the true (within error) loop production rate. The difference in loop production rates at 30 and 300 K is about a factor of 2. This difference easily exceeds the error in the loop counting method on any given micrograph (representative error bars in Fig. 5 ), but also well exceeds an observable difference in loop resolution at the two irradiation temperatures. The liquid He sample stage is more stable at room temperature than it is with flowing cold gas. There is a shift of 25% of the defects to smaller sizes (1.0-2.0 nm) at 300 K, some of which may be a real temperature effect, the bulk of which is probably a resolution effect. The difference in loop production rates at 30 and 600 K may not be outside the effect of a loss of resolution of small loops at 30 K. However, the differences between 300 K and 30 K and between 300 K and 600 K appear to be real.
In Table 2 A comparison among the three elements of loop yield versus dose is shown in Fig. 6 for room temperature irradiations (100 keV self ions), and in Fig. 7 for irradiations at 30 K (50 keV self ions). In both figures the linear behavior (slope n=l) indicates an isolated loop production rate which is constant in dose. The slopes n < 1 at high defect densities in Cu and Ni are predominantly due to saturation behavior such as loop coalescence. The slope n = 0.7 in Fe at 300 K (Fig. 6 ) may also be due to a saturation type behavior.
The slope n = 1.5 in Fe at 30 K (Fig. 7) is probably the net result of a low probability for isolated cascade collapse (linear loop production rate, slope n=l) combined with a quadratic loop production rate (slope n=2) due to simple overlap of two defect cascades resulting in one dislocation loop.
The differences in loop production rates among elements and between 30 and 300 K for any one element (Table 2) temperatures, 30 and 300 K, may be explained by a more rapid quenching of the thermal spike at 30 K and thus a lower probability of loop formation, as observed in Cu^Au.
Tie room temperature yields, or loop production rates, in Fe, Ni and Cu can be compared with recent literature values. If our Cu yield could be corrected for subcascades, at the 100 keV incident self-ion energy, it would probably agree closely with the 30 keV result (0.4-0.5) of Stathopoulos [8] .
This latter work is probably the most accurate yield determination in Cu. The
Fe yield at 300 K agrees rather well with some recently reported results of Kitagawa, et al [10] . However, our Ni yield disagrees with those of Robinson [11] and Kitagawa [10] . Finally, a correlation can be made with the resistivity data of low temperature (5 K) fast neutron bombardment in these pure metals [4] . The socalled negative curvature in the resistivity production rate, observed to occur markedly in Fe and less so in Ni, may be due to vacancy loop formation with cascade overlap at higher neutron doses, and increasing nonlinearly with dose. The change in resistivity per vacancy upon loop formation (as suggested by Dunlap et al. [4] ) could explain this negative curvature. Our TEM evidence in Fe strongly supports this. In Ni the continued linearity of loop production with dose, (Figs. 3, 6 and 7) to doses much higher than in Cu, nay be due to offsetting effects of loop coalescence and additional loop production with cascade overlap. Resistivity would be more sensitive to the overlap effect, and thus explain a slight negative curvature in the resistivity production rate in Ni. Cu shows no TEM evidence for a cascade overlap effect, but strong loop coalescence. This is in agreement with a lack of negative curvature in the resistivity data of neutron bombarded Cu (at 5 K). 
